This mini review discusses the protein complexes comprised
Introduction
Notch is a highly conserved juxtacrine signaling pathway in multicellular organisms that regulates many fundamental cellular processes. Specifically, Notch plays a key role in proliferation, differentiation, and cell fate determination during organismal development, and actively regulates tissue homeostasis in the adult organism. 1, 2 The pleiotropic effects of Notch signaling are likely due to the contextdependent activation or repression of a large repertoire of Notch target genes. 3 Reported Notch targets include HES/ HEY family members, 4 NRARP, 5 DELTEX, 6 GATA3, 7 c-MYC, 8 and cyclinD. 9 Improper Notch activity has been associated with several human diseases and mutations in Notch pathway components are responsible for some heritable conditions. 10 The flagship example of a Notch-related disease is T-cell acute lymphoblastic leukemia (T-ALL), an aggressive leukemia that is characterized by aberrantly upregulated Notch signaling, which leads to a targeted increase of the oncogene c-MYC. 11 With multiple critical functions and great potential for pharmaceutical intervention, many studies have sought to understand the pathway on the molecular level and identify reagents that modulate pathway activity. 12, 13 The canonical Notch pathway is activated at the cell membrane when a transmembrane ligand, of the Jagged (JAG) or Delta-Like (DLL) protein families, on the signalsending cell interacts with a transmembrane Notch receptor on the signal-receiving cell. 14 In mammals, there are four Notch receptors (NOTCH1-4) and five ligands (JAG1/2 and DLL1/3/4). The receptor-ligand binding event generates a pulling force from the signal-sending cell that induces a conformational opening of the negative regulatory region (NRR) of the receptor, 15 exposing a cleavage site for a membrane-bound A Disintegrin and Metalloprotease (ADAM) family protease, which then leads to cleavage by the c-secretase complex. 16 This final
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Proper Notch signaling regulation is informed by many distinct protein complexes involving a single nuclear effector. A decade of research into these protein complexes yields multiple crystal structures and a wealth of binding data to guide drug development for Notch-related diseases -cancer, cardiovascular, development disorders.
cleavage event releases the intracellular domain of the Notch receptor (NICD) from the cell membrane, which then translocates to the nucleus and binds to the universal Notch transcription factor CSL [orthologs: CBF1/RBPJ (Homo sapiens), Su(H) (Drosophila melanogaster), Lag-1 (Caenorhabditis elegans)]. 17 A third protein from the Mastermind family (MAM, MAML1-3 in mammals) binds to form a ternary activation complex, 17 which recruits higher order transcriptional activation molecular machinery to Notch target genes, e.g. the mediator complex and CREB-binding protein (CBP)/p300. [18] [19] [20] Unlike other signaling pathways, there is no molecular cascade that amplifies the signal from the membrane to the nucleus; each ligand binding event leads to one ternary activation complex that can reside at a specific locus at a given time. Thus, the Notch pathway is very sensitive to gene dose. 21 Before ligand-induced activation, or after NICD protein has been degraded, CSL can alternatively bind to one of several identified corepressors, behaving instead as a transcriptional repressor at Notch target gene loci. 22 Among these direct CSL-binding, corepressors are SMRT/HDAC1-Associated Repressor Protein (SHARP, aka Msx2-interacting protein (MINT)], 23, 24 Hairless, 25 Four and a Half LIM Domains Protein 1 (FHL1, aka KyoT2), 26 RBPJ-Interacting and Tubulin-Associated Protein 1 (RITA1), 27 and Lethal 3 Malignant Brain Tumor-Like Protein 3 (L3MBTL3). 28 In this review, we will discuss the crystal structures and thermodynamic binding data of these CSL-coregulator complexes, with a focus on one widely conserved interaction motif used by most of the CSL-binding partners. Mutational studies have been extensively used to study the determinants of in vitro complex formation, which will be used to compare and contrast between the coregulators. Ultimately, we will highlight how multiple unique proteins have evolved to adopt a common binding mode to the versatile transcription factor CSL.
CSL and ternary activation complex
The first CSL crystal structure, Lag-1 bound to an oligonucleotide duplex, containing a binding site from the HES1 proximal promoter region, was published in 2004. 29 The CSL protein is comprised of three structural domains (Figure 1(a) , left, PDB: 1TTU)-the N-terminal domain (NTD), b-trefoil domain (BTD), and C-terminal domain (CTD)-which are connected by a long b-strand that integrates the individual domains into a unique singular fold. Early sequence analysis and structural studies identified similarities between CSL and the Rel homology domain (RHD) of the NF-jB and NFAT transcription factor families. 29, 30 The RHD has two immunoglobulin-like subdomains ( Figure 1 (a), right, PDB: 1NFK): the N-terminal Rel homology region (RHR-N), important for DNA binding specificity, and the C-terminal Rel homology region (RHR-C), which is associated with dimerization, other protein-protein contacts, and nonspecific DNA binding. 31 Similar to RHR-N and RHR-C domains, the NTD of CSL is involved in DNA binding and the CTD is involved in protein-protein interactions. However, disparate from RHD proteins, CSL has a BTD inserted between its NTD and CTD, which is involved in both DNA binding alongside the NTD and protein-protein interactions. As we will discuss, protein partners of the BTD and/or CTD are generally distinct proteins, but some protein subdomains can bind simultaneously in a cooperative manner.
The CSL b-trefoil domain plays another major role in Notch signaling besides DNA binding, facilitated by its unique structure compared to other b-trefoil domaincontaining proteins, 29 including interleukin-1 and fibroblast growth factor families ( Figure 1(b) , PDB: 2J3P). The canonical b-trefoil fold is a b-barrel comprised of 12 b-strands with groups of 4 b-strands arranged in a pseudo threefold symmetrical arrangement, in which 3 b-hairpins form a cap structure. 32 In CSL, however, two b-strands from the cap are absent on the face of the BTD that points away from the DNA, leaving a surface-exposed hydrophobic pocket that serves as a site to bind other proteins ( Figure 1(c) ). Importantly, early mutational studies argued for the importance of the BTD for binding to both NICD and the corepressors, specifically via its hydrophobic pocket. 33, 34 NICD is a large molecule that contains domains for nuclear localization, protein-protein interactions, transcriptional activation, and proteasome-targeted degradation. 17 Moreover, it contains two domains important for binding to CSL and formation of the ternary activation complex with Mastermind: the RBPJ-Associated Molecule (RAM) domain and seven ankyrin repeats (ANK) domain. Originally, RAM was identified in a yeast two-hybrid screen 35 as the portion of NICD that binds CSL and subsequently isothermal titration calorimetry (ITC) experiments showed a high-affinity interaction ($20 nM K d ) between NOTCH RAM and the BTD of CSL, 36, 37 highlighting the importance of the RAM interaction as a first step in ternary complex formation. The isolated ANK domain of NICD in mammals shows little to no detectable binding for CSL in vitro [36] [37] [38] ; however, ANK is absolutely required for MAM recruitment and transcriptional activation. 39 Two homologous CSL-NICD-MAM ternary activation complex crystal structures were published simultaneously, one with human proteins lacking RAM 40 and the other with C. elegans proteins. 41 These structures showed the overall same protein assembly and architecture ( Figure 2 , PDB: 2FO1), with RAM binding across the top and front of the BTD, spanning the length of the hydrophobic pocket ( Figure 3(a) , left). In the human protein structure containing RAM solved later, 42 the RAM peptide kinks at its C-terminus, although this conformation has not been seen for any other CSL-coregulator structure and has not been functionally validated. The ANK domain of NICD binds to the CTD, with the CTD-ANK interface creating a new surface for the long a-helix of Mastermind to bind, thereby locking ANK into place and stabilizing the ternary complex. 42 Consistent with the CSL-NICD-MAM ternary complex structure, site-directed mutations were introduced into the BTD (F261R, V263R, A284R, and Q333R; mouse RBPJ residue numbers) to disrupt RAM binding. 43 Subsequent ITC experiments demonstrated that all of these BTD mutants significantly affect NOTCH1 and NOTCH2 RAM binding with F261 and A284 mutants having the strongest effect (see "Binding Analysis of BTD Mutants" section below). 43 Moreover, these mutants have been an important tool to analyze binding and function of other coregulators that bind the BTD of CSL.
The RAM domain from all NOTCH receptor paralogs and orthologs contains several conserved features which, in some instances, are also found in other BTD-binding coregulator proteins (Figure 3 (a), right). All RAM domains Figure 2 . Notch ternary activation complex structure. The figure shows two orientations of the core Notch activation complex involving worm proteins Lag-1 (CSL), Lin-12 (Notch intracellular domain, NICD), and Sel-8 (Mastermind, MAM) bound to 13mer DNA; PDB: 2FO1. The NTD, BTD, and CTD subdomains of CSL are colored cyan, green, and orange. NICD is shown as two CSL-interacting domains: RBP-J-Associated Molecule (RAM, red) that binds along the BTD, and ankyrin repeats (ANK, blue) that bind to the NTD/CTD. RAM binds as an elongated peptide while the seven ankyrin repeats are pairs of helices that align to create a curved structure that wraps around CSL. MAM (yellow) is a single long helix that binds with an internal kink. MAM is recruited to the complex after ANK binds and thus has contacts with ANK, CTD, and NTD. contain a conserved hydrophobic tetrapeptide motif (-UWUP-, U ¼ any hydrophobic amino acid) that makes extensive buried nonpolar contacts with the hydrophobic pocket on the BTD. Mutation of these residues results in a dramatic reduction in binding, in some cases complete loss of binding, underscoring the importance of the -UWUP-in anchoring the RAM-BTD interaction. 37 A stretch of basic residues upstream of the -UWUP-binds a negatively charged patch on the BTD, further stabilizing this interaction. RAM domains also have two dipeptide motifs (-HGand -GF-) flanking the -UWUP-that are conserved in mammalian and fly NOTCH receptors, 44 but not worms. The glycine position in the -HG-motif occupies a sterically restrictive ridge on the top of the BTD, while the histidine likely serves as another basic residue, perhaps forming a direct interaction with E260 of CSL. 42 Due to the aforementioned kink of the C-terminus in the human RAM structure, there are currently no definitive binding contributions attributed to the -GF-motif. By primary sequence analysis, -UWUP-motifs were readily identified in several putative BTD-binding coregulators, including EBNA2, 45 EBNA3C, 46 FHL1, 26 K10, 47 and RITA1. 27 In at least two cases, the corepressors MINT/SHARP (hereafter referred to as SHARP) and L3MBTL3, there are no identifiable -UWUPmotifs at all. Nonetheless, all of the mammalian corepressors that have been shown to interact with CSL, some of which the complex structures have been solved, bind along the nonpolar surface of the BTD similar to RAM rather than adopting novel binding modes.
RAM-like repression complexes (FHL1, RITA, L3MBTL3)
FHL1 represses transcription from Notch target genes by recruiting Polycomb group (PcG) proteins RING1 and HPC2. 48, 49 The RBPJ-FHL1-DNA crystal structure ( Figure 3 (b), PDB: 4J2X) was the first Notch repression complex to be determined. 50 Unlike NICD, which interacts with CSL via its RAM and ANK domains, the entire interaction between FHL1 and CSL is mediated by a C-terminal peptide-like region that binds the BTD and contains the hydrophobic tetrapeptide -VWWP-. 50 Structural alignment of the human CSL-NICD-MAM and mouse CSL-FHL1 complexes shows a similar backbone arrangement in the Hall and Kovall Notch beta trefoil domain review 1523 RAM and FHL1 peptides (Figure 3(e) ). ITC studies determined the CSL-FHL1 binding affinity (K d ¼ 12 nM) to be comparable to CSL-N1RAM (K d ¼ 22 nM). 50 When FHL1 binding was tested against the BTD mutants-F261R, V263R, A284R, and Q333R-the pattern of disrupted binding was similar, but not identical to RAM, with mutations F261R or A284R drastically reducing binding, and V263R and Q333R only modestly affecting binding. 50 To further compare FHL1 and RAM interactions with CSL, ITC was performed at multiple temperatures to calculate the change in heat capacity (DCp) associated with binding, which correlates with the amount of buried nonpolar surface area at the binding interface. The values for CSL-RAM and CSL-FHL1 were À0.62 and À0.57 kcal/mol•K, respectively. 50 These results highlight the similarity in binding modes between RAM and FHL1 and they also emphasize the critical importance of the BTD residues F261 and A284 in binding both regulators, whereas V263 and Q333 are important for RAM binding, but less so for FHL1.
RITA1 is another Notch corepressor that contains a hydrophobic tetrapeptide (-LWTP-), albeit the third residue in its motif, threonine, is less hydrophobic and more polar than the corresponding residues in RAM and FHL1. 27 RITA1 binds as a single peptide along the BTD, as shown in the RBPJ-RITA1-DNA crystal structure (Figure 3 (c), PDB: 5EG6) 51 with the backbone of RITA in near perfect alignment with FHL1; however, the binding affinity between RITA and RBPJ is $1 mM, nearly 100 times weaker than RAM or FHL1. 51 Despite a much weaker interaction between RITA1 and RBPJ, mutations of F261 and A284 affected RITA1 binding the most, whereas mutations at V263 and Q333 only mildly disrupted RITA1 binding, which is a pattern consistent with FHL1, but not RAM. RITA1 has several identified post-translational modification sites in its RBPJ-interacting region, including acetylation of two lysines (K131/K136) that sit near the top of the BTD, and phosphorylation of T143 in its hydrophobic tetrapeptide. Compared to wild-type RITA1, ITC showed binding retention of only 18% for the doubly acetylated peptide and 7.5% for phosphothreonine at residue 143 of RITA1, suggesting RITA1 interactions with RBPJ may be regulated by post translational modifications. 51 Note that phosphorylation, which introduces further polarity in the middle of the hydrophobic tetrapeptide via the charged phosphate, causes RITA1 to bind $1000-fold weaker than RAM and FHL1 under similar experimental conditions.
More recently, the malignant brain tumor (MBT) protein family member L3MBTL3 was identified as a Notch pathway regulator that directly binds to CSL and recruits the repressive lysine demethylase KDM1a to Notch loci. 28 ITC experiments defined a 40-residue L3MBTL3 (31-70) peptide that binds to RBPJ with an affinity of $0.5 mM. 28 Cellular pulldown experiments showed that this interaction required the BTD of CSL and several BTD mutants discussed previously (F261R, V263R, A284R, Q333R) dramatically reduced coimmunoprecipitation (coIP), with F261R being the most deleterious to binding. 28 In addition, RBPJ-L3MBTL3 coIPs performed while titrating increasing amounts of NICD1 showed a displacement of L3MBTL3 in favor of NICD1 binding, demonstrating mutually exclusive NICD1 and L3MBTL3 binding to RBPJ. 28 Taken together, these results suggest that L3MBTL3 likely binds the BTD, and given other RBPJ-coregulator complex structures, the structure of L3MBTL3 bound to RBPJ is likely similar to the RAM domain of NICD. Ongoing structural studies in the Kovall lab are focused on the structural characterization of this complex. Interestingly the L3MBTL3 construct 31-70 lacks a readily identifiable -UWUP-, but it does contain a tryptophan with nonpolar residues nearby (-TWMVP-), albeit it deviates from the consensus. If this motif is involved in L3MBTL3 binding to RBPJ, it may suggest that the sequence conservation rules for binding the BTD are more flexible than previously thought.
Diverging coregulators (SHARP and hairless)
The corepressor SHARP directly binds to CSL 23, 24 and recruits NCoR1/2 transcriptional repression complexes via its SPOC domain. 52 Prior to solving the crystal structure of the RBPJ-SHARP complex, the binding mechanism was extensively studied, and it was found that SHARP binds with high affinity to both the BTD and CTD of RBPJ, 53 unlike the previously described mammalian corepressors, which only bind the BTD. Using ITC, a SHARP peptide (2776-2833) was tested for binding against RBPJ, as well as several subdomain constructs: BTD, CTD, and BTD-CTD. 51 SHARP binds weakly to the isolated BTD and CTD with only 41 mM and 60 mM affinity, respectively. These individual interactions are much weaker than other CSL-coregulators complexes; however, SHARP binds to the BTD-CTD construct with $1 mM affinity, highlighting a striking avidity effect when both domains are available for binding. Moreover, full-length RBPJ binds SHARP (2776-2833) with 11 nM affinity, which is comparable to RAM and FHL1 binding to RBPJ. The increase in binding from the BTD-CTD construct, which does not completely recapitulate binding to full-length RBPJ, is likely due to the global fold stabilization by the NTD, keeping in mind the long b-strand that integrates and orients each domain in the context of the overall fold. The BTD-CTD construct is analogous to two domains connected by a flexible linker.
The RBPJ binding portion of SHARP does not have homology with any other BTD-binding coregulators and lacks anything resembling a -UWUP-motif. This fueled speculation about a potentially new mode of BTD binding, but the recently reported RBPJ-SHARP-DNA crystal structure (Figure 3(d) , PDB: 6DKS) showed that SHARP uses a bipartite binding model, in which a RAM-like peptide binds across the BTD similar to other coregulators and a b-hairpin that binds the CTD. 54 Structural alignment of SHARP with other corepressors that only bind the BTD (Figure 3(e) ) shows a strikingly similar peptide backbone arrangement along the BTD, with a handful of residues overlapping in unexpected positions, despite the lack of any sequence identity between SHARP and other coregulators. Within the register of -UWUP-, SHARP has the sequence (-ISQI-), which deviates sharply from the -UWUP-rules established from other coregulators. However, preceding the -UWUP-, SHARP has an alanine residue, which is conserved in FHL1, RITA, and other coregulators, and based on previous RBPJ-coregulator structures, is constrained to residues with small side chains due to steric occlusion. Following the -UWUP-, SHARP has two proline residues that structurally align with the same residues in RITA. Moreover, the first proline in this diproline motif is also conserved in EBNA2, EBNA3C, K10, LIN12, and NOTCH4 RAM. Taken together, the BTD binding region of SHARP behaves like the previous coregulators, though with much overall weaker binding affinity owing to a suboptimal hydrophobic tetrapeptide motif.
SHARP uses a b-hairpin motif to bind to the CTD of CSL (Figure 4(b) , left), which is separated from the BTD-binding region by a six-residue disordered linker. 54 We described above how the BTD of CSL, which is absent of two b-strands found in other canonical b-trefoil-containing proteins, has a unique coregulator binding surface. Likewise, the CSL CTD differs from canonical immunoglobulin (Ig) structures found in other RHR-C domains due to a missing ba 0 strand, which lies between strands ba and bg (Figure 4 (a), PDB: 1S9K). When SHARP binds to RBPJ, a modest conformational rearrangement in the CTD accommodates the b-hairpin motif of SHARP, in which one of the SHARP b strands is positioned where ba 0 lies in a canonical RHR-C domain. 54 Interestingly, the corepressor Hairless, which is the primary antagonist of Notch signaling in Drosophila and only conserved in arthropods, 25 binds the CTD of CSL in a manner that is analogous to SHARP, but lacks BTD binding completely. 55 Hairless interacts with CSL by inserting a three-stranded b-hairpin motif in between the two b-sheets that compose the Ig fold of the CTD (Figure 4(b) , right, PDB: 5E24). 55 This requires a much more dramatic structural change in CSL, which results in burial of Hairless into the hydrophobic core of CTD and facilitates high affinity (2 nM) binding. 55, 56 Thus, there are two different examples of how binding sites have evolved on CSL proteins, whereby loss of structural elements in canonical folds has created binding surfaces for a wide range of coregulators to interact.
Binding analysis of BTD mutants
The panoply of CSL-coregulator complex crystal structures has shown that to date all coregulators, with the exception of Hairless, incorporate a RAM-like peptide motif to bind to the BTD of CSL. 22 Early structure-function studies mapped the BTD residues that were important for NICD binding, in which mutants were identified that either fully or partially disrupted CSL-coregulator complex formation. 43 Subsequent ITC experiments have been performed for each CSL-coregulator complex with the following BTD variants-F261, V263, A284, and Q333-in which these residues were substituted with either an arginine residue to disrupt Rel homology region (RHR-C) contains a canonical Ig fold with connected but discrete ba and ba 0 strands that form b sheet interactions with, respectively, bb and bg strands (strands are colored green for comparison, with ba 0 alone highlighted in yellow); PDB: 1S9K. Right, CSL lacks ba 0 and instead has an extended ba strand that interacts with bb but is separated from bg; PDB: 2FO1. (b) Left, the separation of ba and bg in CSL creates a protein binding cleft that SHARP (dark green) occupies for partial CSL binding. Out-of-view, SHARP extends C-terminally to bind the BTD; PDB: 6DKS. Right, Hairless (blue) also binds to the CTD cleft, but binding requires a larger conformation change to bury more protein mass; PDB: 5E24. This leads a dramatic increase in affinity (1 nM) compared to the SHARP-CTD interaction (60 mM). binding or alanine residue to remove favorable nonpolar contacts, except in the case of A284 where alanine was replaced with valine. These residues span the length of the BTD binding site (Figure 5 (a) and (b), PDB: 4J2X), are surface exposed, and mutations at these sites minimally affect folding and stability of CSL. Certainly, other BTD residues contact coregulators; however, these residues also contribute to the hydrophobic core of CSL and mutating these residues are detrimental to folding/stability. Spatially, V263 sits near where the N-terminus of a coregulator would bind, followed by F261; both of these residues are part of a large b-hairpin loop that lies over the top of the binding surface, which is poorly structured in the absence of coregulator binding. A284 lies beneath this b-hairpin loop, contributing to the nonpolar BTD surface, followed by Q333, which interacts with more C-terminal regions of bound coregulators.
In each of these sets of ITC binding experiments, purified coregulator peptides were titrated into purified wildtype or mutant recombinant RBPJ, typically in phosphate buffer (50 mM sodium phosphate pH 6.5, 150 mM NaCl). The data were collected at 25 C and the binding curves were fit to a one-site binding model. Collectively, because all of these CSL-coregulator interactions were analyzed under identical experimental conditions, this provides a quantitative comparison of the relative importance of specific BTD residues for binding specific coregulators, which gives additional molecular insights into the details of how different coregulators utilize the BTD-binding surface. As summarized below, we report the changes in affinity as the percentage of wild-type binding retained after mutation, i.e. a two-fold K d increase is 50% of wild-type binding.
The RAM domains of both Notch1 and Notch2 are highly sensitive to mutations at all four BTD residues ( Figure 5(c) ). 43 Testing against RBPJ F261R, V263R, A284R, and Q333R, Notch1 RAM retained 0.15%, 5.1%, 3.0%, and 5.8%, respectively, of the wild-type RBPJ binding affinity (22 nM) . Likewise, Notch2 RAM retained 0.34%, 0.89% 1.3%, and 16% of its wild-type RBPJ affinity (32 nM). These sharp decreases are understandable as the mutants were initially designed for their ability to disrupt RAM interactions specifically based on CSL-NICD-MAM structures. 41 However, given that RAM-BTD binding is the first step toward ankyrin repeat recruitment and Mastermind binding, it is interesting to note how detrimental one of several point mutants can be to complex formation and thus Notch activation.
The RAM domains from Notch1/2 differ in only a few residues, but they still respond somewhat distinctly to the CSL mutants. 43 This could be directly due to the peptide Figure 5 . Notch coregulator binding to CSL mutants. The figure graphically depicts the results of rigorous isothermal titration calorimetry (ITC) experiments involving series of CSL BTD mutants and their effects on binding between CSL and established coregulators. The BTD residues selected for mutation-F261, V263, A284, and Q333-were chosen to disrupt RAM binding without dramatically altering CSL stability. They are shown with (a) and without (b) an overlay of the FHL1 peptide; PDB: 4J2X. The colors highlighting the individual residues reflect the binding retained after mutation, i.e. if a mutation caused the K d to increase more than 4-fold but less than 10-fold (10-25% binding retained), the residue would be colored orange. (c) and (d) Notch1 RAM and FHL1 were tested against the arginine mutants: F261R, V263R, A284R, Q333R. Drastic decreases in binding were seen for both coregulators with the F261 and A284 mutants, illustrating the importance of the platform created by the phenylalanine sidechain, as well as the cleft afforded by the compact alanine sidechain. (e) and (f) RITA and SHARP were tested against the alanine/ valine mutants: F261A, V263A, A284V, Q333A. Later experiments moved to these mutants in order to avoid introducing artifacts due to the lengthy and charged arginine sidechains. sequence near specific BTD residues; for example, the basic patch of the RAM domain aligning structurally with V263 of CSL. Another possible explanation is that sequence changes anywhere along the peptide, such as replacing glutamine in Notch1 for phenylalanine in Notch2 directly upstream of the hydrophobic tetrapeptide (Figure 3(a) , right), might affect the stability and dynamics of the peptide in the given experimental conditions. This would influence not only the native binding constants but might also mitigate or amplify responses to the certain BTD mutants. We have discussed how diverging sequences have led to the wide range of affinities of CSL to its binding partners, from 12 nM (Notch1) to 41 mM (the BTD-only portion of SHARP). Now we must consider that individual molecular interactions can be more or less important for binding depending on the peptide's overall properties.
When FHL1 was tested against the arginine mutants ( Figure 5(d) )-F261R, V263R, A284R, and Q333R-the wild-type binding retained was 0.19%, 63%, 0.16%, and 24%, respectively. 50 F261 and A284 clearly play defining roles in coregulator binding, and a closer look at the structure explains why. All BTD binding peptides essentially sit on a surface created by the phenyl ring of F261, and the compact sidechain of A284 allows space for a cleft between the top and front face of the BTD, into which the peptides bury upon binding. In other ITC experiments, the BTD arginine mutants were changed to alanine or valine mutants-F261A, V263A, A284V, Q333A-to avoid introducing electrostatic and entropic complications with the long, guanidino-containing sidechain of arginine. The pattern of RITA binding with the new mutants nevertheless followed a similar pattern to FHL1 ( Figure 5 (e)): 0.36%, 58%, 2.4%, and 59% of wild-type binding (0.53 mM) was retained. 51 For comparison, RITA was also tested against the corresponding arginine mutants and the retained binding was 0% (no detectable binding), 41%, 9.0%, and 25%. 51 SHARP binding to the alanine mutants (Figure 5 (f))-F261A, V263A, A284V, Q333A-measured 2.3%, 160%, 2.0%, and 130% of the wild-type RBPJ-SHARP affinity (5 nM). 53, 54 Here we see the first increases in binding caused by V263 and Q333 mutations, which have given the most variable responses among the coregulators. Located near the terminal ends of any bound peptide, it appears these residues act as auxiliary stabilizers of the overall coregulator complex, likely dependent on the local peptide sequence and conformation. As we alluded to, it is perhaps not surprising that the most sequence divergent binding partner and one that binds to multiple CSL domains, SHARP, is less affected by these mutations. It is also worth reiterating that the affinities for SHARP to wildtype RBPJ and the V263A/Q333A mutants are all still 5 nM or stronger, and even the weakened binding to F261A/ A284V is significantly stronger than the wild-type RITA and L3MBTL3 binding.
Conclusions
There are currently five unique Notch coregulator complex structures solved by X-ray crystallography -those with NICD/MAML, FHL1, RITA, SHARP, and Drosophila-specific Hairless, bound to CSL. 4, 36, 50, 51, 54, 55 As we have shown, the four mammalian conserved CSL binders have all adopted a specific binding motif to the CSL b-trefoil domain. Likewise, several other proteins are expected to bind in a similar manner based on sequence homology (EBNA3C, K10) or experimental findings (EBNA2, L3MBTL3). Notch signaling runs entirely through the nuclear actions of CSL, so it is remarkable that this transcription factor not only binds so many distinct partner proteins, but does so in a conserved, mutually exclusive manner. There are still many outstanding questions about how the pathway is regulated in light of our current understanding. How do BTD binders compete for access to CSL, specifically when the affinities between two coregulators are comparable? What role does post translational modification of one or multiple coregulators play in determining either individual or preferential binding to CSL? How restrictive are the sequence homology rules for putative BTD binders, and are there any other predictors for finding new CSL binding partners, e.g. sidechain hydrophilicity patterns in random coil regions? Notch remains the subject of intense ongoing studies: from ligand and receptor processing and binding, novel direct CSL binding proteins and higher order complex formation, and deactivating modification and degradation of NICD. 1 The list we have explored here is likely incomplete and it seems less "if" but "when" and "how many" more BTD binders will ultimately be characterized.
